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The physics of low-energy quantum systems is usually studied without explicit consideration of
the background spacetime. Phenomena inherent to quantum theory on curved space-time, such as
Hawking radiation, are typically assumed to be only relevant at extreme physical conditions: at
high energies and in strong gravitational fields. Here we consider low-energy quantum mechanics in
the presence of gravitational time dilation and show that the latter leads to decoherence of quantum
superpositions. Time dilation induces a universal coupling between internal degrees of freedom
and the centre-of-mass of a composite particle. The resulting correlations cause decoherence of the
particle’s position, even without any external environment. We also show that the weak time dilation
on Earth is already sufficient to decohere micron scale objects. Gravity therefore can account for the
emergence of classicality and the effect can in principle be tested in future matter wave experiments.
One of the most striking features of quantum the-
ory is the quantum superposition principle. It has been
demonstrated in numerous experiments with diverse sys-
tems, such as neutrons [1], atoms [2] and even large
molecules [3]. However, quantum superpositions are not
observed on everyday, macroscopic scales. The origin
of the quantum-to-classical transition is still an active
field of research. A prominent role in this transition is
commonly attributed to decoherence [4, 5]: due to in-
teraction with an external environment, a particle gets
entangled with its environment and loses its quantum
coherence. Many specific models have been studied in
which a particle interacts with its surrounding, such as a
bath of phonons [6], photons [7, 8], spins [9, 10] and grav-
itational waves [11–13]. An alternative route to explain
classicality is taken in so-called wave function collapse
models, which postulate an inherent breakdown of the
superposition principle at some scale without any exter-
nal environment [14–16]. Such models are often inspired
by general relativity but they rely on a fundamental mod-
ification of quantum theory. In contrast, here we derive
the existence of decoherence due to time dilation without
any modification of quantum mechanics and which takes
place even for isolated composite systems. We show that
even the weak time dilation on Earth is already sufficient
to decohere micro-scale quantum systems.
We consider standard quantum mechanics in the pres-
ence of time dilation, with the focus on gravitational time
dilation which causes clocks to run slower near a mas-
sive object. In Appendix A, we derive the Hamiltonian
governing the quantum dynamics of a composite system
on an arbitrary, static background space-time (and show
that the same result is obtained as a limit of a quantum
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field model). Since we consider slowly moving particles
and weak gravitational fields (i.e. to lowest order in c−2),
the results can also be obtained directly from the mass-
energy equivalence [17]: any internal energy contributes
to the total weight of a system and thus also couples to
gravity. Given any particle of mass m and an arbitrary
Hamiltonian H0 that generates the time evolution of its
internal degrees of freedom, gravity couples to the total
rest mass mtot = m+H0/c
2, i.e. gravity also couples to
internal energy. The interaction with the gravitational
potential Φ(x) is therefore mtotΦ(x) = mΦ(x) + Hint,
where Hint = Φ(x)H0/c
2. This interaction term is just
another formulation of gravitational time dilation (the
same argument applies to inertial mass as well, so one
recovers both the special relativistic and gravitational
time dilation governed by Hint = Γ(x, p)H0/c
2, with
Γ(x, p) = Φ(x) − p2/2m2). For example, if the par-
ticle is a simple harmonic oscillator with frequency ω,
the above interaction with gravity effectively changes the
frequency according to ω → ω(1 + Φ(x)/c2). This is
the well-tested [18, 19] gravitational redshift to lowest
order in c−2. When the energy is treated as a classi-
cal variable the time-dilation-induced interaction Hint
yields only this frequency shift. However, in quantum
mechanics the internal energy H0 and the position x are
quantized operators, thus time dilation causes an addi-
tional, purely quantum mechanical effect: entanglement
between the internal degrees of freedom and the centre-
of-mass position of the particle [20]. Even though the
time dilation on Earth is very weak, it leads to a signif-
icant effect for composite quantum systems, as we will
show below.
Before deriving in full generality the time evolution
of the centre-of-mass of an arbitrary composite system
subject to time dilation, we consider a simplified model
where a particle has N/3 constituents that are inde-
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2pendent three-dimensional harmonic oscillators. Such a
model equivalently describes N internal harmonic modes
of the particle. The internal Hamiltonian for this system
is H0 =
∑N
i=1 ~ωini, where ni are the number operators
for the i-th mode with frequency ωi. The centre-of-mass
(with x and p being its vertical position and momentum,
respectively) of the whole system is subject to the gravi-
tational potential Φ(x). For a homogeneous gravitational
field in the x-direction we can approximate Φ(x) ≈ gx,
where g = 9.81 m/s2 is the gravitational acceleration on
Earth. The total Hamiltonian of the system is there-
fore H = Hcm + H0 + Hint, where Hcm is some
Hamiltonian for the centre-of-mass of the particle and the
gravitational time-dilation-induced interaction (to lowest
order in c−2) between position and internal energy is
Hint = Φ(x)
H0
c2
= ~
gx
c2
(
N∑
i=1
ωini
)
. (1)
To demonstrate decoherence, we first consider the case
when the gravitational contribution to time dilation is
dominant such that the velocity contributions can be
neglected. A typical such case is a particle at rest
in superposition of two vertically distinct positions x1
and x2 and a height difference ∆x = x2 − x1. The
centre-of-mass is in the state |ψcm(0)〉 = 1√2 (|x1〉 +
|x2〉). The internal degrees of freedom are in ther-
mal equilibrium at local temperature T , thus each i-
th constituent is described by the thermal density ma-
trix ρi = (pin¯i)
−1 ∫
d2αi exp(−|αi|2/n¯i)|αi〉〈αi |, where
we used the coherent state representation with the av-
erage excitation n¯i = (e
~ωi/kBT − 1)−1 and where kB is
the Boltzmann constant. The total initial state is thus
given by ρ(0) = |ψcm(0)〉〈ψcm(0) | ⊗
∏N
i=1 ρi. Gravita-
tional time dilation now couples the centre-of-mass posi-
tion of the system to the internal degrees of freedom ρi
via the Hamiltonian in eq. (1). The off-diagonal elements
ρ12 = 〈x1 |ρ|x2〉 = ρ∗21, which are responsible for quan-
tum interference, evolve to ρ12(t) = (2pin¯i)
−1
eimg∆xt/~×∏N
i=1
∫
d2αie
−|αi|2/n¯i |αie−iωi(x1)t〉〈αie−iωi(x2)t |, where
ωi(x) = ωi(1 + gx/c
2). The frequencies of the internal
oscillators depend on the position in the gravitational
field, in accordance with gravitational time dilation (see
also fig. 1). To see decoherence of the centre-of-mass,
we trace out the internal degrees of freedom. The quan-
tum coherence can be quantified by the interferometric
visibility V (t) = 2|ρ(12)cm (t)| = 2|ΠNi=1Tri[ρ12(t)]|, which
becomes V (t) =
∣∣∣∣∏Ni=1 [1 + n¯i (1− e−iωitg∆x/c2)]−1∣∣∣∣.
This expression can be simplified for the typical case
ωitg∆x/c
2  1. In the high temperature limit we also
have n¯i ≈ kBT~ωi , so that the frequency-dependence com-
pletely drops out from the visibility. In this case, the
reduction of quantum interference is given by V (t) ≈(
1 +
(
kBTg∆xt
~c2
)2)−N/2
. For times t2  Nτ2dec this can
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FIG. 1. Gravitational time dilation causes decoherence of
composite quantum systems. a) Illustration of a TPPF20
molecule which has recently been used for matter-wave in-
terference [3]. Here we illustrate a vertical superposition of
size ∆x in Earth’s gravitational potential Φ(x) = gx. b)
The frequencies ωi of internal oscillations are modified in the
gravitational field, i.e. ωi → ωi(x) = ωi(1 + gx/c2), which
correlates the internal states and the centre-of-mass position
of the molecule. c) Phase space representation of the i-th con-
stituent which is in a thermal state with average occupation
n¯i ≈ kBT/~ωi. In the coherent state representation of the
internal states, the frequency of each coherent state depends
on the position of the whole molecule and thus differs between
the two superposed amplitudes by an amount ωi∆τ . Even for
small time-dilations, this causes decoherence of the molecule
with N constituents after a time τdec, given in eq. (3).
be written as
V (t) ≈ e−(t/τdec)2 , (2)
where we defined the decoherence time
τdec =
√
2
N
~c2
kBTg∆x
. (3)
The above equation shows that gravitational time dila-
tion causes superpositions of composite systems to deco-
here. The decoherence rate derived here scales linearly
with the superposition size ∆x, in contrast to other de-
coherence mechanisms that typically show a quadratic
scaling [21]. Also, decoherence due to gravitational time
dilation depends on the number of oscillating internal
states of the system, N . The suppression of quantum
effects takes place even for completely isolated systems,
provided that the superposition amplitudes acquire a suf-
ficient proper time difference. In the high temperature
limit the frequencies of the internal oscillations drop out
entirely from the final expression, therefore it is not nec-
essary to have fast-evolving internal states. Note that the
decoherence derived here depends on the constants ~, c,
kB and the gravitational acceleration g: it can therefore
be considered a relativistic, thermodynamic and quan-
tum mechanical effect.
The effect is very general and originates from the total
proper time difference between superposed world lines.
Quantum systems with internal degrees-of-freedom are
affected on arbitrary space-time metrics, as long as a
proper time difference is accumulated. To highlight
this, consider a particle moving in superposition along
two arbitrary world lines with proper time difference
∆τ (see fig. 2). The two superposed amplitudes can
3interfere when the world lines meet. Due to time
dilation, the internal energy is effectively altered by
H0(1 + Γ/c
2), with Γ(x, p) = Φ(x) − p2/2m2 (see also
Appendix A). Each amplitude therefore evolves with
U(t) = exp[− i~
∫
dt(Hcm + (1 +
Γ
c2 )H0)] along the
respective world lines. H0 does not depend on x, p and t
and for clarity, we restrict the analysis to semi-classical
paths, i.e. constrained to have coordinates x¯1(t), p¯1(t)
and x¯2(t), p¯2(t) along the two world lines, respectively
(as in fig. 2c). The interference visibility is then V =∣∣∣Tr[e− i~ ∫ dt(1+Γ(x¯1,p¯1)/c2)H0ρ0e i~ ∫ dt(1+Γ(x¯2,p¯2)/c2)H0 ]∣∣∣.
Since dτ = dt
√
gµν x˙µx˙ν ≈ dt(1 + Γ/c2), the interference
visibility is simply
V =
∣∣∣〈e−iH0∆τ/~〉∣∣∣ , (4)
where ∆τ = τ1 − τ2 is the proper time difference be-
tween the two world lines and the expectation value
is taken with respect to the initial state. This result
is manifestly coordinate invariant and shows that de-
coherence occurs if a proper time difference is present,
and if the internal states are not eigenstates of inter-
nal energy. Eq. (3) is recovered as a special case of
the general formula above (expanding to lowest order in
∆τ , assuming N internal harmonic oscillators such that
∆E20 =
〈
H20
〉 − 〈H0〉2 ≈ Nk2BT 2 and neglecting the p-
dependent term yields eq. (3)). For the special case of
a pure two-level system, eq. (4) also reproduces the ef-
fect discussed in ref. [20], which can be interpreted as
due to the which-way information acquired by a clock.
In contrast, which-way information is never available for
thermal states (a more detailed discussion can be found
in Appendix C). Eq. (4) shows, however, that time di-
lation affects any state that is not an eigenstate of H0.
The coupling is universal, which follows directly from the
universality of time dilation. Thus the decoherence is
as universal as time dilation itself, in the sense that all
composite quantum systems are affected, independently
of the nature and kind of their internal energy H0.
We now consider the full time evolution in the presence
of time dilation that takes any arbitrary internal Hamil-
tonian H0 and centre-of-mass Hamiltonian Hcm into ac-
count. To this end, we derive a master equation that
describes the quantum dynamics of a composite system
on a background space-time to lowest non-vanishing or-
der in c−2 (see Appendix B for details). The resulting
time evolution of the centre-of-mass in the presence of
special relativistic and gravitational time dilation is
ρ˙cm(t) =− i~
[
Hcm +
E¯0
c2
Γ(x, p), ρcm(t)
]
−
(
∆E0
~c2
)2
×
×
∫ t
0
ds
[
Γ(x, p), e−iHcms/~ [Γ(x, p), ρcm(t− s)] eiHcms/~
]
,
(5)
where Γ(x, p) = Φ(x)− p2/2m2. The first term describes
the unitary evolution of the centre-of-mass due to an ar-
bitrary Hamiltonian Hcm, which is completely general
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FIG. 2. A composite particle in superposition will decohere
due to time dilation. The figure shows two superposed world
lines in different situations and space-times (here c = 1). a) A
particle in superposition at two different fixed heights above
the Earth, as considered in the main text (the dashed lines
represent arbitrary small non-stationary contributions neces-
sary to perform an interferometric experiment). The centre-
of-mass will decohere after a time τdec as given in eq. (3).
In general, the full evolution of the centre-of-mass is given
by eq. (5). b) A particle undergoing uniform acceleration g
in flat space-time will experience the same time dilation and
thus the same decoherence as in case a). Equivalently, the
diagram describes the previous situation from the point of
view of a freely-falling observer. c) A composite particle with
internal Hamiltonian H0 in an arbitrary space-time will deco-
here if the two superposed trajectories differ in proper time.
The visibility of quantum interference V reduces depending
upon on the proper time difference ∆τ , see eq. (4).
and can also include external interactions (as for exam-
ple those necessary for keeping the particle in superpo-
sition or realizing an interference experiment) as well as
relativistic corrections to the centre-of-mass dynamics.
The correction dependent upon E¯0 = 〈H0〉 stems from
the relativistic contribution to the mass. The second
term causes the suppression of off-diagonal elements of
the density matrix and is responsible for the decoher-
ence. It is proportional to ∆E20 =
〈
H20
〉 − 〈H0〉2, the
fluctuations in internal energy, or equivalently the heat
capacity Cv = ∆E
2
0/kBT
2 (the high temperature limit
of the model that we used previously corresponds to the
Einstein solid model). The integral captures the fact that
decoherence depends on the overall acquired proper time
difference during a particle’s evolution. For a station-
ary particles, and if the centre-of-mass Hamiltonian Hcm
does not induce significant changes to the off-diagonal el-
ements on the decoherence time scale, the master equa-
tion becomes approximately
ρ˙cm(t) ≈ − i~
[
H˜cm +
(
m+
E¯0
c2
)
gx, ρcm(t)
]
−
−
(
∆E0g
~c2
)2
t [x, [x, ρcm(t)]] .
(6)
In the unitary part we have separated for clarity the New-
tonian gravitational potential (i.e. Hcm = H˜cm + mgx):
It is evident that the potential couples to an effective
total mass mtot = m + E¯0/c
2 that includes the aver-
4age internal energy, which becomes E¯0 = 〈H0〉 ≈ NkBT
for the previously considered model with N thermal in-
ternal harmonic oscillators. This is in accordance with
the notion of heat in general relativity (in Einstein’s
words [22]: “a piece of iron weighs more when red-hot
than when cool”), the relation to the Tolman effect is
briefly discussed in Appendix C. The non-unitary part
now depends only on the stationary x-contributions (see
also fig. 2a). The decoherence time scale is found from
the solution to eq. (6), which for the off-diagonal terms
ρ
(12)
cm is approximately (to order O(~−2)): ρ(12)cm (t) ∼
ρ
(12)
cm (0) e−(t/τdec)
2
, with τdec =
√
2~c2/(∆E0g∆x). The
loss of visibility thus agrees with eq. (2) and the de-
coherence time scale reduces to eq. (3) for the specific
model used previously. The master equation due to
gravitational time dilation, eq. (6), is similar in form
to other master equations typically studied in the field
of decoherence [4, 21] but does not include any dissi-
pative term. Thus time dilation provides naturally an
“ideal” master equation for decoherence that suppresses
off-diagonal terms in the position basis for stationary par-
ticles. For non-stationary systems, decoherence is gov-
erned by eq. (5) and the pointer basis derives from a
combination of x and p. Position and momentum are
therefore naturally driven into becoming classical vari-
ables. The evolution in the presence of gravitational time
dilation is inherently non-Markovian, since the overall ac-
quired proper time difference is crucial. This results in a
Gaussian decay (rather than an exponential decay as in
Markovian models) of the off-diagonal elements and the
decoherence time directly depends on the fluctuations in
internal energy. This again highlights the interplay be-
tween thermodynamics, relativity and quantum theory
that is relevant for this effect.
To estimate the strength of the decoherence due to
time dilation, we make use of eq. (3) and consider a
human-scale macroscopic system at room temperature.
Assuming that the system has Avogadro’s number of con-
stituent particles which oscillate, we set N ∼ 1023, which
amounts to a gram-scale system. For a superposition size
of ∆x = 10−6 m, the decoherence time (3) becomes
τdec ≈ 10−3s . (7)
Remarkably, even though the gravitational time dilation
is very weak, its resulting decoherence is already substan-
tial on human scales and not just for astrophysical ob-
jects. Macroscopic objects completely decohere on Earth
on a short time scale due to gravitational time dilation.
In contrast to other decoherence mechanisms, this effect
cannot be shielded and decoherence will occur whenever
there is time dilation between superposed amplitudes.
But as any other decoherence in quantum theory, the ef-
fect is in principle reversible: as is apparent from eq. (4),
“revivals” of coherence will occur after a sufficiently large
proper time difference is accumulated, dependent on the
frequencies of the internal degrees of freedom. However,
the corresponding recurrence times typically scale expo-
nentially with the size of the system [23], thus time di-
lation can cause decoherence which is irreversible “for
all practical purposes” if interfering paths have a proper
time difference. This will be increasingly difficult to con-
trol in experiments with large, composite systems, and is
simply unavoidable for systems not under experimental
control.
From the perspective of quantum theory, decoherence
due to time dilation is fully analogous to any other deco-
herence source. The loss of coherence takes place due to
correlations with degrees of freedom that are not acces-
sible, here internal degrees of freedom of the composite
system. The unique aspect of the effect described here
is that the correlations are induced by relativistic time
dilation, and would not take place in Newtonian gravity.
Thus, to understand this effect it is necessary to invoke
quantum theory and time dilation stemming from Earth’s
gravitational field. The phenomenon arises already in
weak, stationary space-times and decoheres composite
systems into the position basis, even if they are isolated
from any external environment. It is thus of different
nature than decoherence due to scattering with gravi-
tational waves [11–13]. Importantly, the time-dilation-
induced decoherence is entirely within the framework of
quantum mechanics and classical general relativity. No
free “model parameters” enter and unitarity is preserved
on a fundamental level. This is in stark contrast to hypo-
thetical models where gravity leads to spontaneous col-
lapse of the wave function and that require a breakdown
of unitarity [14–16] or include stochastic fluctuations of
the metric [24]. Our results show that general relativity
can account for the suppression of quantum behavior for
macroscopic objects without introducing any modifica-
tions to quantum mechanics or to general relativity.
In astrophysical settings, the decoherence can even
be substantially stronger: the time scale (3) can be
rewritten in terms of the Schwarzschild-radius Rs =
2GM/c2 of the background space-time as τdec =√
8/N(~R2/kBTRs∆x), where R is the distance between
the particle and the centre of the gravitating object (since
the nature of the effect is gravitational, quantum me-
chanical and thermodynamic, the decoherence time may
also be written in terms of the Hawking-temperature
TH = ~c3/8pikBGM of the body with mass M , but the
decoherence is not related to any horizon and the ap-
pearance of the Hawking temperature is solely a refor-
mulation of the fundamental constants involved). The
decoherence is stronger for high masses M and for small
distances R to the mass, i.e. for stronger time dilation.
At the horizon of a black hole with 5 solar masses, a
nm-size superposition of a gram-scale object at T = 1 K
would decohere after about τdec ≈ 1 ns.
We now discuss a possible direct experimental verifi-
cation of the derived decoherence mechanism. The grav-
itational time dilation is well tested in classical physics
[18, 19] but the quantized Hamiltonian (1) has not yet
been studied experimentally. In particular, an experi-
ment to study the induced quantum entanglement of in-
ternal degrees of freedom with the centre-of-mass mode,
5FIG. 3. Decoherence due to gravitational time dilation as
compared to decoherence due to emission of thermal radiation
for sapphire microspheres. In the green region time dilation
is the dominant decoherence mechanism. The left axis shows
various sphere radii r (corresponding to particle numbers N =
107 to N = 1018) for a fixed superposition size ∆x, whereas
the right axis shows various superposition sizes for a fixed
particle radius. The dashed lines correspond to the respective
time dilation decoherence time scales as in eq. (3). Sapphire
was chosen for its low emission at microwave frequencies.
first proposed in ref. [20], has not yet been realised. To
confirm this quantum mechanical interaction one can use
controllable internal states in matter wave interferome-
try [20], or use Shapiro-delay in single photon interfer-
ence [25] (a related effect for entangled photon pairs was
also discussed in ref. [26]). Such an experimental verifi-
cation of the quantum Hamiltonian (1) would be a strong
indication for the presence of the decoherence described
here. To test directly the decoherence due to time dila-
tion it is necessary to bring relatively complex systems
into superposition. This can in principle be achieved
with molecule interferometry [3, 8], cooled microspheres
[27, 28] or with micro-mechanical mirrors [29]. The lat-
ter, however, is expected to be limited to very small
separations only (on the order of 1 pm) and is there-
fore less suitable. To see decoherence caused by time
dilation, other decoherence mechanisms will need to be
suppressed: The scattering with surrounding molecules
and with thermal radiation requires such an experiment
to be performed at liquid Helium temperatures and in
ultra-high vacuum [7]. Additionally, the emission and
absorption of thermal radiation by the system [8] will
be a competing decoherence source. For the parameter
regime studied here, emission of radiation is expected to
be the dominant decoherence effect, with the decoherence
time [4, 7] τem = (
∫
dkk2c g(k)σeff(k)∆x
2)−1, where g(k)
is the mode density of the wave vectors k and σeff(k)
the effective scattering cross section. To see the time-
dilation-induced decoherence, we require that the deco-
herence due to emission of radiation is weaker than due
to time dilation, i.e. τdec . τem. To get quantitative es-
timates, we rely on the harmonic oscillator model intro-
duced previously and show in fig. 3 the parameter regime
where time-dilation-induced decoherence can in principle
be distinguished from decoherence due to thermal emis-
sion, focussing on micro-scale particles at cryogenic tem-
peratures (sapphire was chosen due to its low microwave
emission at low temperatures [30]). The emission of ra-
diation can be further suppressed if the mode density is
reduced, which can ease the restrictions on temperature.
However, we note that the simple model for the com-
position of the system, necessary to estimate the time
dilation decoherence rate, is very crude and at low tem-
peratures we expect the model to break down. Given a
specific system, the time dilation decoherence can be es-
timated more accurately by measurement of the internal
energy fluctuations through the heat capacity. Although
an experiment to measure decoherence due to proper
time is very challenging, the rapid developments in con-
trolling large quantum systems [3, 27, 28] for quantum
metrology and for testing wave function collapse mod-
els [16, 29] will inevitably come to the regime where the
time-dilation-induced decoherence predicted here will be
of importance. In the long run, experiments on Earth
will have to be specifically designed to avoid this gravi-
tational effect on quantum coherence. As a final remark,
we note that due to the universality of time dilation, all
dynamical processes contribute to this decoherence, even
those that are typically experimentally inaccessible (such
as nuclear dynamics, which has not been taken into ac-
count in our treatment). Thus time dilation decoherence
could also serve as a tool to indirectly study dynamical
processes within composite systems.
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7APPENDIX
A. Hamiltonian for gravitational time dilation
We present a Hamiltonian formalism useful to describe
the dynamics of low energy quantum systems with in-
ternal degrees of freedom subject to time dilation. We
further show an explicit example of a quantum field in
curved space-time whose dynamics reduces to the same
Hamiltonian in the appropriate limit.
We consider the time evolution of a composite quan-
tum system in the low-energy limit on a generic space-
time, described by a metric gµν with signature (−+++).
We restrict the treatment to static metrics with ∂0gµν =
0 and g0i = 0, where Latin indices refer to the spa-
tial 3-components. The typical systems we consider are
low energy quantum systems (such as atoms, molecules,
nanospheres, etc.) with internal energy levels (such as
electronic, rotational, vibrational) in a weak gravitational
field and under small accelerations. For such systems, one
can assume that the relative distances between their con-
stituents are sufficiently small, such that variations of the
metric over their extension can be neglected. In this case
one can assign a single position degree of freedom to the
centre-of-mass of the system, which in the classical limit
describes a single world line. In other words, we con-
sider the limit in which the system can be effectively con-
sidered as “point-like” with internal degrees of freedom.
This is directly analogous to the notion of ideal clocks
in relativity, which measure time along a well-localized
world line.
The rest energy Erest of the system is defined as the
invariant quantity
pµp
µ = gµνpµpν = −(Erest/c)2 ; (8)
it corresponds to the total mass-energy as measured by
a co-moving observer. Here pµ is the system’s total 4-
momentum in arbitrary coordinates (we restrict to coor-
dinates which keep the stated assumptions for the met-
ric). The dynamics of the system can be described in
terms of the evolution with respect to an arbitrary time
coordinate t. The generator of the coordinate-time trans-
lations follows from eq. (8) and is given by the Hamilto-
nian
H = cp0 =
√
−g00 (E2rest + c2gijpipj). (9)
If the particle is at rest with respect to a static observer,
the energy is H =
√−g00Erest. This “redshift factor” is
also sometimes expressed in terms of the time-like killing
vector kµ as
√−kµkµ = √−g00. The rest energy Erest is
the total Hamiltonian of the system in its local comov-
ing frame. The static rest mass contribution mc2 can be
explicitly separated, and the remaining part is just the
Hamiltonian of the internal degrees of freedom, which
we denote by H0. The full dynamics of internal and ex-
ternal degrees of freedom is thus governed by the total
Hamiltonian (9), with
Erest = mc
2 +H0 . (10)
Relativistically, there is no distinction between “rest
mass” and “rest energy”. In fact, the largest contribu-
tion to the rest mass m of the systems we consider, e.g.
a molecule, is already given by binding energies between
atoms, nucleons, quarks and all other constituents (at
an even more fundamental level, masses of fundamen-
tal particles are reducible to interaction energies with
the Higgs field, according to the standard model of par-
ticle physics). The natural choice for the split (10) is
dictated by the energy scale: if some degrees of free-
dom are “frozen”, their contribution to the rest energy
can be incorporated in the mass term. The split be-
tween mass and internal energy (10) is thus merely con-
ventional, and amounts to a choice of the zero-energy
state of the internal degrees of freedom. The general ex-
pression (10) can also be derived from the action of a
particle in the comoving frame, in which the time coor-
dinate coincides with the proper time: S =
∫
Lrestdτ ,
where Lrest = Lrest(qi, q
′
i) is the Lagrangian describing
the internal degrees of freedom with coordinates qi and
q′i = dqi/dτ . Changing to the lab frame this expres-
sion becomes S =
∫
Lrest(qi, q˙it
′)τ˙ dt, with τ˙ = dτ/dt =√
gµν x˙µx˙ν and t
′ = dt/dτ . The Legendre transform
yields the Hamiltonian for the system, which gives ex-
actly the expression (9) with
Erest =
∂Lrest
∂q′i
q′i − Lrest. (11)
If the internal dynamics is irrelevant, we simply have
Lrest = −mc2 and Erest = mc2. But in general any
arbitrary internal dynamics governed by Lrest gives rise
to the total energy as in eq. (9) with Erest as in eq. (11).
For example, two masses on a spring (with total mass
m, reduced mass µ and spring constant k) in the co-
moving frame of the centre-of-mass are described by
Lrest = µq
′2/2 − kq2/2 − mc2, where q is the rela-
tive degree of freedom of the two masses. This gives
Erest = mc
2 + µq′2/2 + kq2/2 = mc2 + H0, where H0
describes the dynamical part of the internal degrees of
freedom.
To obtain the quantum equations of motion one can
replace the 4-momenta in the full expression (8) with
covariant derivatives, which leads to a modified Klein-
Gordon equation with Erest as the invariant total mass
(a similar derivation can be applied to the Dirac equa-
tion to describe particles with spin). For energies small
compared to Erest (such that particle creation and other
quantum field effects are negligible), the Klein-Gordon
field is treated as a particle in first quantization and the
low-energy Schro¨dinger evolution is obtained. Specifi-
cally, the Hamiltonian for the dynamics of a point parti-
cle on a post-Newtonian background metric with g00 =
−(1+2Φ(x)/c2 +2Φ2(x)/c4) and gij = δij(1−2Φ(x)/c2)
is obtained following ref. [1] (with the addition of internal
8degrees of freedom in Erest), resulting in
H =m¯rc
2 +
p2
2m¯r
+ m¯rΦ(x)− p
4
8m¯3rc
2
+
m¯rΦ
2(x)
2c2
+
3
2m¯rc2
(
Φ(x)p2 + [pΦ(x)] p+
1
2
[
p2Φ(x)
])
,
(12)
where [pΦ] acts only on the potential and we introduced
m¯r := Erest/c
2 to keep the expansion to order c−2 explicit
(in deriving the Hamiltonian there is an ambiguity in the
ordering of the pΦ(x) terms, but which does not affect the
results for time dilation). For an eigenstate |Ei〉 of the
internal Hamiltonian H0 the rest energy in the Hamilto-
nian (12) can be treated as a parameter m¯r = m+Ei/c
2.
For arbitrary internal states and due to the linearity of
quantum mechanics, Erest has to be treated as an oper-
ator acting on the internal degrees of freedom according
to (10). The Hamiltonian (12) thus describes the full
quantum dynamics of the system, including internal and
external degrees of freedom. Expanding the result to first
order in H0/mc
2, we find
H = Hcm +H0
(
1 +
Φ(x)
c2
− p
2
2mc2
)
= Hcm +H0
(
1 +
Γ(x, p)
c2
)
,
(13)
where Hcm includes all terms acting on the centre-of-
mass to this order of approximation (and can also in-
clude any other interaction, such as the electromagnetic
interaction [1, 2]). The term Γ(x, p) = Φ(x) − p2/2m2
captures the time dilation, which effectively shifts the in-
ternal energy. An alternative route to get eq. (13) is to
directly expand eq. (9) in orders of c−2 and canonically
quantize the result, which yields the same Schro¨dinger
equation with relativistic corrections. The term propor-
tional to Φ(x) stems from
√−kµkµ = √−g00, while the
p2-term stems from the spatial gij components of the
metric. The former captures gravitational time dilation
and the latter is the velocity-dependent special relativis-
tic time dilation. In total, eq. (13) describes the special
and general relativistic corrections to the dynamics of a
quantum system with internal degrees of freedom, to low-
est order in c−2. Note that the coupling between internal
and external degrees of freedom is completely indepen-
dent of the nature and kinds of interactions involved in
the internal dynamics H0. This is a consequence of the
universality of time dilation, which affects all kinds of
clocks, irrespectively of their specific construction.
The description above is well-suited for low-energy par-
ticles on a background space-time. The same results can
also be obtained from a field theory description and to
highlight this, we consider an explicit example in which
the effective Hamiltonian is derived starting from a quan-
tum field. We consider a Klein-Gordon field of mass m, in
a state approximately localized in some region of space.
The position of the region of space represents the “centre-
of-mass”, while the field describes the “internal degrees
of freedom” of our system. The dynamics of the field is
given by the action
S = −1
2
∫
d4x
√−g
[
gµν
∂φ
∂xµ
∂φ
∂xν
+m2φ2
]
, (14)
where g is the determinant of gµν and we use units with
c = 1. To simplify the discussion, we consider a system at
a fixed height above Earth. The effect already appears by
expanding the metric at the first order: gij = δij , g00 =
− [1 + 2Φ(x)], where Φ(x) is the Newtonian potential. In
this case the determinant is g = g00 and g
00 = 1/g00, so
we can rewrite eq. (14) as
S = −1
2
∫
d4x
√−g00
[
(∂tφ)
2
g00
+ |∇φ|2 +m2φ2
]
. (15)
Once the coordinates are fixed, we can write S =
∫
dtL
and single out the Lagrangian
L =
1
2
∫
d3x
[
(∂tφ)
2
√−g00 −
√−g00
(
|∇φ|2 +m2φ2
)]
.
(16)
In order to pass to the Hamiltonian picture, we need the
conjugate momenta
pi(x) =
δL
δ∂tφ(x)
=
1√−g00 ∂tφ(x). (17)
The Hamiltonian in these coordinates is given by H =∫
d3xpi(x)∂tφ(x)−L. Substituting ∂tφ(x) = √−g00pi(x),
we get
H =
1
2
∫
d3x
√−g00
[
pi(x)2 +
(
|∇φ|2 +m2φ2
)]
. (18)
We are in particular interested in a system of small size
sitting at a fixed space coordinate x¯ above Earth. This
can be modelled by confining the field to a small box of
volume V around x¯, so that the space integral (18) can
be restricted to that volume. If the potential is approx-
imately constant within the volume, Φ(x) ≈ Φ(x¯) for
x ∈ V , we can take it out of the integral and obtain
H ≈
√
−g00(x¯)H0 =
√
1 + 2Φ(x¯)H0, (19)
where the rest Hamiltonian is given by H0 =
1
2
∫
V
d3x
[
pi(x)2 + |∇φ|2 +m2φ2
]
, which is just the
usual Klein-Gordon Hamiltonian in a finite volume in
Minkowski space-time. The factor in front of H0 in eq.
(19) is responsible for the gravitational red-shift: all en-
ergies, when measured according to coordinate time, are
rescaled with respect to those measured locally at the
position of the system. We can see this explicitly by con-
sidering a cubic box of side l = V
1
3 , for which the rest
Hamiltonian can be diagonalized as
H0 =
∑
k
Eka
†
kak, (20)
9where, restoring units, Ek = c
√
k2 +m2c2, kj =
2pi~
l nj
for nj ∈ N, j = 1, 2, 3 and a†k (ak) creates (annihilates)
a boson with momentum k (neglecting the constant vac-
uum energy). For a particle at a distance x above Earth,
we can set
√−g00(x) ≈ 1 + Φ(x)/c2 ≈ 1 + gx/c2, where
g is the gravitational acceleration. The Hamiltonian (19)
thus becomes
H ≈
(
1 +
gx
c2
)∑
k
Eka
†
kak. (21)
Equations (21) shows the same coupling between posi-
tion and internal energy as described in the main text
(eq. (1)). It is valid for a system at rest in the chosen co-
ordinate system, i.e. with vanishing external momentum.
The contribution of the external momentum is recovered
by moving to an arbitrary coordinate system, yielding
the coupling (13).
B. Master equation due to gravitational time
dilation
Here we derive an equation of motion for the centre-
of-mass of a composite quantum system in the pres-
ence of time dilation. We keep the composition, the
centre-of-mass Hamiltonian Hcm and the relativistic time
dilation completely general. The overall Hamiltonian
of the system is Htot = Hcm + H0 + Hint, where H0
governs the evolution of the internal constituents and
Hint = H0Γ(x, p)/c
2 captures the time-dilation-induced
coupling between internal degrees of freedom and the
centre-of-mass to lowest order in c−2. Γ is a func-
tion of the centre-of-mass position x and momentum p
to which the internal states couple due to special rel-
ativistic and general relativistic time dilation (for the
Schwarzschild metric in the weak-field limit we have
Γ(x, p) = Φ(x) − p2/2m2). We start with the von Neu-
mann equation for the full state ρ˙ = −i/~ [Htot, ρ] and
write Htot = H+Hint, where H = Hcm+H0. We change
frame to primed coordinates, which we define through
ρ′(t) = eit(H+h)/~ρ(t)e−it(H+h)/~, where h = h(x, p) =
ΠNi=1Tri[Hintρi(0)] = Γ(x, p)E¯0/c
2 with the average in-
ternal energy E¯0. The resulting von-Neumann equation
is
ρ˙′(t) =
i
~
[H ′(t) + h′(t), ρ′(t)]− i
~
[H ′(t) +H ′int(t), ρ
′(t)]
= − i
~
[H ′int(t)− h′(t), ρ′(t)] ,
(22)
where h′(t) = h(x′(t), p′(t)). The formal solution ρ′(t) =
ρ′(0)− i~
∫ t
0
ds [H ′int(s)− h′(s), ρ′(s)] is used in the equa-
tion above, which yields the integro-differential equation
ρ˙′(t) = − i
~
[H ′int(t)− h′(t), ρ′(0)]
− 1
~2
∫ t
0
ds [H ′int(t)− h′(t), [H ′int(s)− h′(s), ρ′(s)]] .
(23)
We can now trace over the internal degrees of free-
dom. The state is initially uncorrelated ρ(0) = ρcm(0)⊗
ΠNi ρi(0) and we take the Born approximation, keeping
only terms to second order in Hint. In this case ρ
′(s) can
be replaced under the integral by ρ′cm(s)⊗ ρi(0) and the
master equation for the centre-of-mass becomes
ρ˙′cm(t) =
N∏
i=1
Tri[ρ˙
′(t)]
≈ −1
~2
N∏
i=1
∫ t
0
dsTri
{
[H ′int(t)−h′(t), [H ′int(s)−h′(s), ρ′(s)]]
}
= −
(
1
~c2
)2 N∏
i=1
∫ t
0
dsTri
{(
H0−E¯0
)2
[Γ′(t), [Γ′(s), ρ′(s)]]
}
= −
(
∆E0
~c2
)2 ∫ t
0
ds [Γ′(t), [Γ′(s), ρ′cm(s)]] .
(24)
Here we used the notation ∆E20 =
ΠNi=1Tri
{(
H0 − E¯0
)2}
=
〈
H20
〉 − 〈H0〉2 for the
energy fluctuations of the internal states and
Γ′(s) = Γ(x′(s), p′(s)). Changing back to the
Schro¨dinger picture, and introducing s → t − s we
obtain the integro-differential equation:
ρ˙cm(t) = − i~
[
Hcm + Γ(x, p)
E¯0
c2
, ρcm(t)
]
−
(
∆E0
~c2
)2 ∫ t
0
ds
[
Γ(x, p), [Γ(x, p), ρcm(t− s)]
∣∣
s
]
,
(25)
where [Γ, ρcm]
∣∣
s
= e−isHcm/~ [Γ, ρcm] eisHcm/~. This is
the general equation of motion for a composite particle of
arbitrary composition that undergoes time dilation. The
decoherence of its off-diagonal elements is governed by its
internal energy spread ∆E0 and by the metric-dependent
coupling Γ. The former is ∆E20 ≈ N(kBT )2 in the high-
temperature limit for N/3 non-interacting internal har-
monic oscillators and the latter is Γ = Φ(x) ≈ gx for
stationary particles in the homogeneous weak-field limit
of the Schwarzschild metric.
C. Effect of time dilation on clocks and thermal
states
The time-dilation-induced coupling between internal
degrees of freedom and the centre of mass causes de-
coherence of the latter. The complementarity between
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the visibility V of interference and the which-path in-
formation D is given by the inequality V 2 + D2 ≤ 1
[3]. The equal sign holds for pure states, i.e. for well-
defined clocks as considered in ref. [20] in the main text.
For mixed states, it is possible to have loss of visibil-
ity with no accessible which-path information, as is the
case here (as well as in most other decoherence models
for which the Born approximation is used). The ther-
mal state of the internal degrees of freedom can be seen
as a mixture of clock-states each measuring the proper
time along its respective path. To highlight this, con-
sider for example a particle with a single 2-level internal
degree of freedom which is in a clock-state, i.e. in a su-
perposition of the ground and excited state with tran-
sition frequency ω and an arbitrary relative phase φ:
|Eφ〉 = 1√2
(| g〉+ eiφ| e〉). If the particle moves along
a world line with overall proper time τ , the internal state
will evolve to |Eφ(τ)〉 = 1√2
(| g〉+ ei(φ+ωτ)| e〉). For the
particle in superposition along two paths with proper
time difference ∆τ , the internal clock state will therefore
acquire which-path information, thus leading to a loss
in visibility given by |〈Eφ(τ1) |Eφ(τ2)〉| = | cos(ω∆τ/2)|,
independent of the phase φ. For a fully mixed internal
state (analogous to a thermal state),
ρ =
1
2
(|Eφ〉〈Eφ |+ |Eφ+pi〉〈Eφ+pi |) , (26)
the relative phase between | g〉 and | e〉 is unknown and
thus no which-path information is available, but it still
results in a drop in visibility. The above state can be
equivalently written in the basis
ρ =
1
2
(| g〉〈g |+ | e〉〈e |) . (27)
Since (26) and (27) represent the same state, they cannot
be discriminated and will result in the same loss of visibil-
ity for the centre of mass. The states | g〉 and | e〉 individ-
ually, however, are not clock-states, thus no time dilation
can be read out directly. The interpretation of the visi-
bility drop in this representation is the phase scrambling
due to the red shift, since a system with internal states
| e〉 has different weight than if the states were | g〉 and
thus acquires a different phase shift. Irrespective of the
state representation, time dilation couples the internal
states to the centre of mass and thus cause decoherence
of composite particles with internal degrees of freedom.
To highlight that time dilation can physically affect
thermal states, we re-derive in our formalism the well
known classical, general relativistic and thermodynami-
cal effect first considered by Tolman [4]. By definition,
the dynamics of internal degrees of freedom is governed
by the Hamiltonian H0 in the local rest-frame of the
system. If the system is thermal, its state is therefore
ρ0 ∝ e−H0/kBT0 , where the subscript 0 highlights that
the quantities are with respect to the local rest-frame
(which is the temperature used in the main text). How-
ever, from the point of view of a stationary observer (lab-
oratory frame) at some distance, the internal dynam-
ics of the system at height x in a gravitational poten-
tial Φ(x) is governed by the Hamiltonian H0
√−g00 ≈
H0(1 + Φ(x)/c
2). Thus the state in that frame is given
by ρlab(x) ∝ e−H0(1+Φ(x)/c2)/kBTlab . But since the den-
sity matrix assigned to a system does not depend on the
reference frame (it can be interpreted in terms of occupa-
tion numbers of its eigenstates, irrespective of the energy
labels assigned to them), we have ρ0(x) = ρlab(x), from
which it follows that local and laboratory temperatures
are related by Tlab = T0(1 + Φ(x)/c
2). The condition
of thermal equilibrium for systems with different Hamil-
tonians is simply that they have the same temperature,
thus two systems at heights x1, x2 are in thermal equi-
librium for an outside observer if Tlab(x1) = Tlab(x2).
Hence, in terms of the locally measured temperatures,
the condition for thermal equilibrium between the two
systems is T0(x1)(1 + Φ(x1)/c
2) = T0(x2)(1 + Φ(x2)/c
2),
which means that T0(x1) and T0(x2) are different for
systems in different gravitational potentials. For a sin-
gle extended system in thermal equilibrium in a gravi-
tational field the locally measured temperatures satisfy
T0(x)(1+Φ(x)/c
2) = constant, which is the Tolman law.
This classical effect can be seen as caused by the
“weight of heat” or gravitational redshift – as in Tolman’s
own work [4] – or, equivalently, as caused by time dila-
tion between parts of the system at different gravitational
potentials: the local internal frequencies ω0 are time di-
lated with respect to the laboratory reference frame, in
which they become ω0(1 + Φ(x)/c
2). For the system to
be in equilibrium the radiation coming from any part of
the system must have the same frequency spectrum. The
local quantities ω0 must therefore differ with height and
satisfy ω0(x)(1+Φ(x)/c
2) = constant. The Tolman effect
and the decoherence effect discussed in this work have the
same origin: time dilation affecting thermal states in the
presence gravity.
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